Investigation on electrical conductivity and dielectric properties of manganese (Mn) and vanadium (V) mixed oxides were carried out to study the extrinsic semiconductor behaviour. The XRD pattern shows that Mn-V oxide is multiphase and quantitative phase analysis was performed to determine the relative phases. Overall results indicate that with increasing temperature, the DC conductivity, AC conductivity, dielectric constant, dielectric loss factor and loss tangent of Mn-V mixed oxide increases. Activation energy of AC conduction decreases with increase in frequency, confirms that the hopping conduction is the dominant mechanism. The activation energy of DC conduction DE dc is 0.54 eV which is greater than DE dc . There are three types of dielectric constant spectrum found in the measuring temperature range 30-250°C. This is possibly due to the extrinsic behaviour of the Mn-V oxide. Dielectric relaxation characteristic was obtained from the spectrum of the imaginary part of electric modulus. The activation energy of the relaxation process and the relaxation time at infinite temperature are 0.42 eV and 5.40 ps respectively. The Nyquist plot of complex impedance fitted the equivalent circuit model of two RC circuits in series with R and C in parallel. The relaxation time was estimated from the circuit model. 
Introduction
Transition element has mixed valence ions, hence these compounds have unique properties and very useful in various fields. Manganese is one of the transition element which has a formal oxidation state from À3 to +7. Manganese oxides and vanadium oxides which include MnO, Mn 2 O 3 , Mn 2 O 7 , etc [1] and V 2 O 3 , V 2 O 5 , V 6 O 13 , VO 2 , etc. respectively show a phase transition from semiconductor phase to metal phase when measuring temperature increases [2] .
In the past two decades, there were reports on characterization of mixed oxides of Mn and V due to its interesting application in various areas such as, energy conversion, thermistor, temperature sensors and thermal imaging detectors [3, 4] . Gouda et al. [4] prepared mixed oxides of manganese and vanadium at different mass ratio of Mn 2 O 3 and VO 2 . They found that the resistivity and the thermistor constant of b-Mn 2 V 2 O 7 and c-Mn 2 V 2 O 7 were higher compared to the well known oxides of vanadium and binary/ternary oxides of manganese, nickel and cobalt. It meant that the dblock electronic configuration of V 5+ in Mn 2 V 2 O 7 contributed to higher resistivity [5] . From previous works, there were several investigations and reports on the structural and electrical properties of MnV 2 O 6 and Mn 2 V 2 O 7 [3, 4, 6, 7] related to Mn and V oxides prepared by different methods which were pulsed laser deposition [6] , solid state reaction [4, 7] and high pressure synthesis [8] , but it lacks a comprehensive electrical studies on Mn-V oxide system. In this paper, the electrical conductivity and dielectric properties of Mn-V oxide were investigated at different measuring temperatures from 30°C to 250°C.
Experimental details
The mixed oxides were prepared by conventional solid state method. The starting materials, Vanadium (V) oxide, V 2 O 5 (99.5%), Manganese (IV) oxide and MnO 2 (99.95%) were weighed according to the stoichiometric ratio of 40 mol% V 2 O 5 and 60 mol % 2MnO 2 . These powders were wet milled and precalcined in air at 450°C for 4 h. The precalcined powder were added with the binder Polyvinyl Alcohol (PVA) at 1 wt% and pressed at 4.5 tonnes for 4 min to produce Mn-V oxide pellets. These pellets were finally sintered at 600°C for 4 h and ready for characterization.
The samples were characterized by XRD to determine the microstructure and phase identification of the samples and the surfaces of the sample were visualized by using Field Emission Scanning Electron Microscopy (FESEM). For DC conductivity, a simple circuit was set up where Picoammeter Model 6485 and Escort 95T multi-display multimeter were used to measure the current, I and the resistance, R respectively. The DC conductivity was measured from 30°C to 250°C by using the R = V/I, q = RA/l and r = 1/q where V is potential difference, I is current, q is the resistivity, l is the length A is the cross-sectional area and r is conductivity. The dielectric properties were determined by using the Agilent 4294A Precision Impedance Analyzer from 30°C to 250°C. The dielectric constant and loss factor were calculated using e 0 r ¼ Cd=e o A and e 00 r ¼ Gd=e o xA respectively, where C is the capacitance, d is the thickness, e o is permittivity of free space, G is the conductance, x is the angular velocity and A is the crosssection area of the sample. The AC conductivity is determined from the dielectric parameter using the formula, r ac ¼ xe o e 00 r .
Results and discussion
XRD were done to determine the phase identification and phase composition of the samples. The composition of the phase in each sample was determined using Rietveld Refinement analysis. The surface of the samples was viewed using FESEM and the average grain size was calculated. For conductivity measurements, AC and DC conductivities were measured over the temperature range from 30°C to 250°C and their activation energies were determined and discussed. The dielectric behaviour of the samples was discussed at different measuring temperatures, 30-250°C in the frequency range of 40 Hz to 1 MHz.
X-ray diffraction and microscopy analysis
The phase contained in the sample was identified by comparing the observed XRD patterns with Inorganic Crystal Structure Database (ICSD) pattern. Fig. 1 [1, 2] and quantitative phase analysis should be performed in order to determine the percentage of the relative phases. As a result, the Rietveld Refinement analysis is needed and the X'pert HighScore Plus software was used [9] . MnV 2 O 6 and Mn 2 V 2 O 7 are the Mn-V oxide which is 61.7% and 19.3% respectively and a small amount of the starting material MnO 2 , about 19% remained. According to Table 1 , the profile parameter (R exp , R p and Goodness of fit) for the Mn-V oxide is less than 10, hence the result obtained from refinement is reliable [10] . Finally, we can conclude that a multiphase compound or an extrinsic semiconductor was prepared.
The morphology and grain size of the sample were determined by FESEM. Fig. 2(a) shows that even though the particles are irregular, but they had begun to attach to the neighbouring particles to grow and form a larger grain at 600°C [11] . Hence, better densification is possible at higher sintering temperatures. 150 grains were taken randomly from the micrographs with grain size distribution in the range 0.4-2.8 lm as shown in Fig. 2(b) . The average grain size based on the histogram is around 1.2 lm. À1 m À1 respectively [12, 13] . Usually, conductivity for a standard semiconductor increases with temperature where more electrons are excited and enter the conduction band [14] . However, the Mn-V oxide is a multi phase material and it behaves like an extrinsic semiconductor because each phase participated in changing the properties of the samples [14] . Extrinsic semiconductor has extra electrons in the conduction band and/or holes in valence band and we would expect to have two activation energies [14] . Fig. 4 indicates that there is an intrinsic region 50-250°C, while the extrinsic region is predicted to happen at temperatures below 30°C. The region of conductivity decreasing from 30°C to 250°C is the region between these two slopes as shown in Fig. 3 [14] . The heat applied is able to ionize the donors but not enough to ionize the electrons from the host lattice. The decrease in conductivity shows that the carrier density is not greatly influenced by temperature and the variations in mobility will determine the shape of the curve [14, 15] . Also, extrinsic semiconductor has more free mobile charge carriers compare to intrinsic semiconductor. The vibration of lattice structure of semiconductor when heated may contribute to the resistance and consequently decreases the conductivity [14, 16] . Beyond 50°C, the intrinsic contribution to the electrons to enter the conduction band become significant and rapidly dominates [16] .
Activation energy DE is the minimum energy needed for conduction from one site to another. The DC activation energy, DE dc is calculated by using the well-known Arrhenius equation [17] ,
where r o is the pre-exponential factor and k B is Boltzmann constant. The inset figure in Fig. 4 shows the plot of Lnr against 1000/T. It is clear that the Ln r dc linearly decreases with reciprocal of absolute temperature and the DE dc of Mn-V oxide is 0.54 eV. Fig. 1 . The Rietveld refinement analysis of Mn-V oxide. 
where r T is the total electrical conductivity, A is a constant, x is the angular frequency and s is the frequency exponent which generally is less than or equal to one [17] . At low frequency region (below 1 kHz), r ac at 30°C is higher than 50°C and 75°C. As frequency goes beyond 10 kHz, r ac increases with increase in temperature. However, it can be easily seen that there are two mechanisms at higher frequency from 10 kHz to 1 MHz. The mechanism from 30°C to 100°C is possibly due to the extrinsic semiconductor properties [14] . The extra electron in the conduction band and/or extra holes in valence band of the extrinsic semiconductor cause it to have two activation energies [14] .
The Arrhenius equation is used to determine the activation energy, DE ac at different frequencies. The behaviour of Mn-V oxide with a linear relationship between Ln r ac and the reciprocal of temperature at different frequencies is plotted as shown in Fig. 6  (a) . As the temperature rises, the heat applied is the activated electron drift velocity of charge carriers leading to the hopping conduction mechanism, consequently increasing the conductivity [18] . The variation of DE ac with frequency is shown in the inset of Fig. 6(a) . It can be clearly seen that the DE ac decreases as frequency increases. The decrease in DE ac suggests that the hopping conduction maybe is the dominant mechanism [18, 17] . This indicates that the increase in frequency of the applied field improved the electronic hops between the localized states. Therefore, the charge carriers took over short distance and lower energy is needed resulting in the decrease in the activation energy [19] . Fig. 6 (a) clearly shows another conduction mechanism from 10 kHz to 1 MHz. This may due to the changes of intrinsic contribution to become more significant as compare to extrinsic contribution to conduction with temperature increases from 30°C to100°C [16] . Hence, the DE ac due to extrinsic properties are not stable as shown in Fig. 6(b) .
The highest DE ac at 40 Hz is 0.50 eV, but it is lower than DE dc which is 0.54 eV. The difference between DE ac and DE dc is due to the charge carriers trying to find the shortest path and large jumps occasionally occur for DC conduction. However, this has not much effect on the AC conduction [20] . Therefore, DC conduction needs more energy compared to AC conduction.
Dielectric properties
At low frequency, 4 types of polarization occurred simultaneously which are electronic polarization, ionic polarization, dipolar polarization and interfacial polarization [21] . However, interfacial polarization gives the highest contribution to the dielectric constant while the others are significantly small. As frequency increases, the interfacial polarization failed to occur and hence dipolar polarization takes part as the main contributor. This phenomenon also happens to dipolar and atomic polarizations at greater frequencies [22] . Table 2 and Fig. 7 showed that the Mn-V oxide is frequency dependent. At low frequency, the charge carriers reach the grain boundary and accumulated at the boundary resulting in interfacial polarization, but as frequency increases, the dielectric constant decreases due to the transition from interfacial polarization to dipolar polarization. Interfacial polarization generally takes a longer time to form completely than other polarizations [23, 24] .
The dielectric constant increases with increase in temperature. The mixed oxides give the highest dielectric constant at 250°C which is 258.44 at 1 kHz. This phenomenon can be explained by using dielectric polarization. The charge carriers are at low energy state when the temperature is relatively lower. Hence, the charge carriers are difficult to move and the movement to follow the direction of the applied field is small which results in low contribution to polarization and dielectric behaviour [25] . With the rise in temperature, the charge carriers are excited and have enough energy to follow the change of the applied field, consequently increase the dielectric constant [25] . However, Fig. 5 shows that conductivity decreases at 50°C which is caused by the extrinsic properties of Mn-V oxide, hence the greater charge carrier mobility at 30°C gave better e 0 r compared to 50°C at frequency below 1 kHz. There are three type of dielectric constant spectrum that can be seen in this temperature range which are 30-100°C, 125-150°C and 175-250°C. Since electrical conductivity can affect polarization in a material, hence it can affect the dielectric constant of Mn-V oxide [21] . The existence of different spectrum is possibly due to the multi-phase or extrinsic behaviour of the Mn-V oxide [16] . The dielectric behaviour at 175-250°C might be due to the influence of intrinsic properties of the Mn-V oxide, while the dielectric behaviours for other temperatures are a combination of intrinsic and extrinsic properties [16] . When an electric field is applied to a material, the electric energy displaces the charge carriers and energy loss transforms into heat energy known as dielectric loss factor, e 00 r [14] . As frequency increases, the polarizations such as interfacial polarization fail to follow the alternating electric field and the charge carriers try to shift back to their original position, thus the displacement causes the dielectric loss to increase [21] . The loss peak reveals in e 00 r spectrum indicate the end of the previous polarization which occurred at lower frequency [21] . For high electrical conductivity material, loss peak is hidden in its e 00 r spectrum, thus electric modulus analysis can be employed to uncover the relaxation process [26] . Fig. 8 shows the frequency dependence of e 00 r for Mn-V oxide at different temperatures. The dielectric loss factor is relatively high at low frequency region and decrease with the increase in frequency. At low frequency region, the high dielectric loss is caused by the migrating charge carriers and the charge carrier migration is reduced when frequency increases [14] . The e 00 r of the samples increase as measuring temperature increases. This indicates that the electrical conductivity increases with temperature which results in the increase in energy loss to electrical conduction as the charge carrier moves [27] .
From Fig. 9 , we can conclude that the Mn-V oxide is a lossy material at low frequency region (40 Hz to 10 kHz), because the loss tangent of the sample (tan d ¼ e 00 r =e 0 r ) is very much greater than 1, which is 62.18 at 100 Hz and temperature 250°C. For frequencies beyond 100 kHz, tan d is smaller than 1 which indicates that less energy is dissipated in the dielectric system. Since e 0 r is greater than e 00 r , the Mn-V oxide is able to store charge at high frequency range. Also, the abnormal plot of tan d at 30°C is due to the extrinsic properties of Mn-V oxide. We can conclude that the Mn-V oxide exhibits high tan d and it can be used as electrical attenuation absorbers [28] .
In addition, it is observed that the energy dissipated increases as the temperature increases. This might be due to the increase in temperature resulting in the increase of the drift velocity and hopping frequency of the charge carriers. Hence, AC conductivity increases and consequently e 00 r increases [29] .
Electric modulus analysis
In an ideal case, the spectra of the complex electric modulus, M Ã vs frequency indicated a measure of the distribution of ion energies and a Debye curve with a single relaxation time. The angular frequency of maximum ''Debye" peak, x max is equal to the reciprocal of relaxation time, s [30] . Therefore, relaxation process can be investigated from the electric modulus spectra.M Ã is defined as the reciprocal of the dielectric permittivity [18] ,
where M 0 and M00 are the real part and imaginary part of the electric modulus. According to Eq. (5), M 0 and M00 spectra are plotted and presented in Figs. 10 and 11 respectively. Fig. 10 shows that M 0 is increasing with frequency and finally reached a uniform value at a higher frequency range. At this frequency range, M 0 becomes constant which is correlated with the relaxation of the electric field in the material. As frequency decreases, M 0 decreases and approaches zero which indicated that the electrode polarization is removed [31] . Fig. 11 shows the peak of M00 shifts to higher frequencies with increasing temperature. The movement of the peak of M00 showed that the surrounding heat has thermally activated the relaxation time to higher frequency. Fig. 11 illustrated the peaks at 30-125°C and the peaks of higher temperatures are predicted to occur Fig. 8 . Variation of the dielectric loss factor with respect to frequency for Mn-V oxide. at frequency beyond 1 MHz. Also, we can determine the characteristic of the relaxation time from the inset plot of Fig. 11 which satisfy Arrhenius law [18] :
where E R is the activation energy of the relaxation process and s o is the relaxation time at infinite temperature. By using the slope and intercept of linear fitting of Ln s vs 1000/T, we can determine E R and s o which are 0.42 eV and 5.40 ps respectively.
Impedance analysis and equivalent circuit modelling
An equivalent circuit modeling software, NOVA (version 1.11.1) is adopted to determine the best equivalent circuit to fit the Nyquist plot of complex impedance of the samples as shown in Fig. 12 . This analysis can differentiate the impedance contributed from grain and grain boundary to the total impedance of the material [32] . Equivalent circuit modeling is a mathematical method which is fitted to the Nyquist plot via the equations below [33] ,
where, Z 0 and Z 00 are the real and imaginary part of complex impedance Z ⁄ , R is resistance, C is capacitance, x is angular frequency, g is grain and gb represents grain boundary. Also, the relaxation time s can be calculated using [34] ,
The Nyquist plots are modelled by two parallel RC circuits connected in series to represent grain and grain boundary contributions. The parameters of equivalent circuit modeling are tabulated in Table 3 . The table shows that both R gb and R g decreases with temperature indicating that the R of the samples decreases. This is possibly due to the charge carriers of the sample being thermally activated causing the charge carriers to have more energy to overcome the insulating barrier and contribute to the electrical conduction [27] . Consequently, the decrease in s with temperature might be due to the thermal effect prolonging the frequency range of the grain and grain boundary relaxation process. This is accordance to temperature dependent electrical relaxation phenomena and thus, s decreases with increase in temperature [26] . 
Conclusion
Mn-V oxide (MnV 2 O 6 , Mn 2 V 2 O 7 , MnO 2 ) was successfully prepared and it is a multi-phase material. In this study, we can conclude that the Mn-V oxide has very low conductivity (10 À6 to 10
À9
) which is very near to an insulator at low temperature. As temperature rises, the ac conductivity increases with increase in frequency. Therefore, AC conductivity is a thermally activated process. The activation energy of AC conduction, DE ac decreases with increase in frequency and hence the hopping conduction is the dominant mechanism. For dielectric properties, the measuring temperature at 250°C gives the highest e 0 r of 258.44, e P r of 1504.12 and tan d of 5.82 at 1 kHz. The Mn-V oxide is a lossy material at frequency below 10 kHz, but it is able to store charges and less energy is dissipated at higher frequency. Hence, it is suitable to use as electric attenuation absorber. Dielectric relaxation characteristic was attained from the modulus. The relaxation time decreases with increasing temperature and the activation energy for relaxation process is 0.42 eV. For impedance analysis, the Nyquist plot of complex impedance is fitted to two RC circuits in series with R and C in parallel which represent grain and grain boundary effect.
